Most economically important traits are genetically complex and controlled by numerous genes. A quality genetic map is a prerequisite for identifying quantitative trait loci (QTL) that contain the genes involved in these traits. Currently, there are two internationally recognized reference families that are used to build genetic maps. In this paper, the East Lansing (EL) genetic map is described in detail. Presently, the EL genetic map contains 617 genetic markers, of which 589 are resolved into 41 linkage groups. The map coverage within linkage groups is over 2,700 cM, which is about the estimated size of the chicken genome. There are 322 microsatellite markers, which greatly enhances the utility of this genetic map for genome-wide QTL searches. Also, 101 genes have been mapped, which will aid in the development of a comparative map. Further efforts to improve the genetic map and the potential for the map to identify QTL are discussed.
INTRODUCTION
Since 1923, investigators have tried to identify factors involved in complex or quantitative traits (Sax, 1923) . The development of "classical" genetic maps held much promise, as the entire genome could theoretically be systematically assayed to reveal regions known as quantitative trait loci (QTL) that contained these factors. Unfortunately, by relying on classical markers (e.g., phenotypic traits), the number of genetic markers available was limiting. Furthermore, it was very difficult to develop the appropriate crosses in which multiple markers were segregating and could be mapped or assessed for association with the trait(s) under study. Consequently, these classical genetic maps developed very slowly and the use of classical genetic maps to identify QTL never came to fruition.
The first genetic linkage map of the chicken was published 60 yr ago (for a review, see Bitgood and Somes, 1990) . This classical genetic map and other chicken genetic maps subsequently published contained primarily visible or easily assayed genetic markers. As with most other species, the classical genetic map progressed very slowly and ultimately only about 50 genes were located to five linkage groups. Also similar to other species, it wasn't until the application of molecular techniques based on DNA, where the number of genetic markers is no longer limiting (e.g., restriction fragment length polymorphism or RFLP markers, Botstein et al., 1980; microsatellite markers, Weber and May, 1989) , that there was renewed interest in generating a genetic map of the chicken genome. Using these modern molecular techniques, the saturation and utility of the chicken genetic map was greatly improved, and two preliminary genetic maps were published with both maps containing ∼ 100 markers (Bumstead and Palyga, 1992; Levin et al., 1994b) . Since then, the number of genetic markers has steadily increased with > 600 markers placed today. As it now stands, the chicken genetic map provides reasonable coverage for genomewide QTL searchers and, indeed, putative QTL have been identified using genetic markers from these maps. This paper reviews the development of the East Lansing (EL) chicken genetic map. Additionally, current and future efforts to improve the map and the potential for identifying QTL are discussed.
REFERENCE FAMILIES
Genetic markers are placed on a genetic map by first observing the segregation of alleles at a particular locus within a mapping or reference population. Next, the genetic marker is tested for linkage with other markers that have already been genotyped; linked markers exhibit the same parental alleles in the majority of the individuals and the proportion of individuals in the reference family that do so yields the genetic distance. In the age of modern molecular genetics, the genome of each individual is the material being scored or genotyped. And although the reference population is no longer alive, the genetic information is "immortalized" in the stored DNA of each individual. Therefore, the map "grows" with time as each new marker is genotyped on the DNA from the reference population. Thus, it is desirable that different groups adding genetic markers genotype DNA from the same reference family. As agreed upon at the 1992 International Chicken Genome Workshop, there are two references families where DNA will be distributed and genotyped by various laboratories.
The EL reference family was initiated in 1988 at Michigan State University; later this project grew into a collaborative effort with the Agricultural Research Service Avian Disease and Oncology Laboratory. Lyman Crittenden and Jerry Dodgson screened various inbred chicken lines to identify highly inbred lines that were as genetically distant as possible to maximize the likelihood of finding DNA differences or polymorphisms between the lines . Ultimately, the UCD-001 (Jungle Fowl or JF) and UCD-003 (White Leghorn or WL) lines were chosen as the parents of the EL reference population. A single UCD-001 JF male was mated to a single UCD-003 WL female to produce F 1 progeny. Two F 1 males were individually backcrossed to 10 and 8 UCD-003 WL females to produce 208 and 192 progeny, respectively. Blood from all these animals has been aliquoted and stored away. A subset of 52 progeny (1 F 1 male × 4 WL females) form the basic reference family panel. A large amount of DNA from these 52 progeny has been extracted and distributed to many laboratories around the world (see Table 1 ).
The Compton (C) reference family was generated by Nat Bumstead, Institute for Animal Health, Compton, United Kingdom. In this population, the parents were chosen based on differences in susceptibility to a number of diseases, especially with regards to salmonellosis and Marek's disease (Bumstead and Palyga, 1992) . A single line 15I male was mated to a single line N female to produce progeny. Unlike the EL reference population, in which homogametic F 1 individuals (males) were used in the backcross, in the C reference population, a single F 1 heterogametic (female) individual was backcrossed to a line 15I male to generate the reference family. The consequence of using a female instead of a male F 1 in the backcross is that the Z chromosome cannot be mapped in the C reference family; however, the pseudoautosomal region of the W chromosome can be mapped. DNA from a panel of 56 individuals are routinely genotyped by laboratories contributing to the C genetic map.
GENETIC MARKERS
Genetic markers are the main elements of a genetic map. Genetic markers contained within a genetic map allow one to determine whether different regions of the genome are genetically linked, and if so, the recombination distance between loci. All but 10 of the 600+ genetic markers on the EL genetic map are based on DNA polymorphisms.
At this time, only 101 of the genetic markers code for a gene of known function or are Type I markers as defined by O'Brien (1991) . The primary reason for the small number of Type 1 markers mapped is that genes show more sequence conservation than noncoding regions; consequently, genes are less likely to exhibit DNA polymorphisms that can be mapped or used in genome-wide QTL searches. Another factor is that most of the genes have been mapped by restriction fragment length polymorphisms (RFLP), which is labor-intensive to perform. Despite these drawbacks, Type I markers are desirable to map as they are useful for comparative purposes, an area that is receiving increased attention (see below). To overcome the technical difficulties with mapping Type I markers via Southern blots, a polymerase chain reaction (PCR)-based method has been developed (Smith et al., 1996) . In this procedure, the parents of the EL reference family are sequenced in either an intron or the 3′ region of the gene of interest. Because noncoding regions have less sequence conservation, a point mutation is often revealed. Designing an allelespecific primer to the nonrecurrent parent (the JF allele in the EL reference family) allows one to score for segregation and map the gene.
The remaining 500+ genetic markers are Type II or anonymous DNA segments. Microsatellites, minisatellites, RFLP, random amplified polymorphic DNA (RAPD) markers, and markers based on the chicken repeat element CR1 each represent a major class of Type II marker that are generated by different means. Besides being more polymorphic, Type II markers are often genotyped using PCR, which greatly increases the ability to quickly score many individuals. Each class of marker has its own relative advantages and disadvantages.
Microsatellites are tandem repeats of one to six bases. The PCR primers that flank the microsatellite sequence are used to amplify products that often exhibit length polymorphisms between individuals. The length polymorphisms can be easily scored by automated DNA sequencers when fluorescently labeled PCR primers are incorporated. The ability to automate the genotyping along with the high likelihood of finding a DNA polymorphism have made microsatellite markers the primary genetic marker to map and use in genome-wide QTL searches. In a 3-yr period, over 320 of these markers have been placed on the EL genetic map (e.g., Khatib et al., 1993; Cheng and Crittenden, 1994; Crooijmans et al., 1994 Crooijmans et al., , 1996 Cheng et al., 1995) . The main hinderance in mapping microsatellite markers is the large amount of work required to develop them, e.g., microsatellite-containing clones need to be identified and sequenced, PCR primers generated, and polymorphisms detected and mapped. Also, microsatellites in the chicken genome are less frequent and smaller when compared to mammalian genomes with both factors diminishing the probability of finding useful microsatellite markers.
Recently, Ruyter-Spira et al. (1996) have screened and mapped cDNA that are linked to microsatellite sequences. Sixty unique cDNA with a (TG) n microsatellite were identified from 210,000 phage clones. Primers were developed for 29 of these clones and 21 were polymorphic. Eventually, 15 markers were mapped in either the EL or C maps. The major advantage in this approach is that highly polymorphic markers and genes are mapped simultaneously, which helps the development of both the genetic and the comparative maps.
Minisatellites are similar to microsatellites in containing tandem repeats and being highly polymorphic but the repeat unit is 10 to 60 bases. However, the length variation is detected via Southern hybridization, which greatly hinders the rate of genotyping individuals. Also, there are difficulties in determining whether fragments of similar size are allelic. Furthermore, it can be observed in our map (see Table 2 ) that these markers are not randomly distributed in the chicken genome. Thus, minisatellites are probably not a good choice of marker for genetic mapping but are extremely useful for determining genetic diversity among a few individuals or groups.
The RAPD markers are polymorphic DNA fragments produced in a PCR using only a single 10-base oligonucleotide primer (Williams et al., 1990) . Because many perfect and imperfect complementary sites to any given 10-mer primer can be found in the genome, many regions 5,000 bp or smaller may be amplified, as they are flanked by priming sites; typically, ∼ 10 products are observed in agarose gels stained with ethidium bromide. The RAPD markers are dominant markers in that the presence or absence of a particular allele is detected. Therefore, RAPD markers cannot distinguish between an individual that is heterozygous (one copy) or homozygous (two copies) for the allele. However, both the EL and C reference populations are simple backcrosses, so the alleles from the donor parent are segregating 1:1, which enables dominant markers, like RAPD markers, to be employed. With many commercially available RAPD primers, a large number of RAPD markers were quickly mapped. Unfortunately, problems with reproducibility and the inability to transfer the markers to other populations has greatly reduced interest in this type of marker for QTL searches.
A novel genetic marker was developed by Levin et al. (1994a) based on the chicken CR1 repetitive element. Up to 100,000 copies of the CR1 element are found in the chicken genome. Each CR1 element contains roughly three domains that differ in the amount of sequence conservation. It was thought that by using one or two primers derived from sequences of the CR1 in a PCR, a product would be generated when two CR1 elements were physically close (< 5 kb) and could prime amplification. Like RAPD markers, several PCR products were observed. Often one of the PCR products segregated in a Mendelian fashion in the EL reference family. The number of polymorphisms revealed could be extended when the genome was digested with various restriction enzymes prior to PCR amplification. Recent work has indicated that most of the polymorphic fragments are not the result of inter-element amplification and are more RAPD-like in that one of the priming sites is not a CR1 element (R. Okimoto and J. Dodgson, Department of Microbiology, Michigan State University, East Lansing, MI 48824, personal communication). Thus, the primary advantage of this type of marker is that a few primers can direct the synthesis of many polymorphic products that are highly reproducible due to the use of longer PCR primers.
In contrast to the C genetic map, the EL genetic map contains few anonymous RFLP markers, primarily for the reasons stated above. Nonetheless, this class of markers along with the microsatellite markers are the best genetic markers that can be applied in genomewide QTL searches. In other words, 427 of the 617 genetic markers on the EL genetic map could be potentially used to locate genes involved in complex traits.
CURRENT STATUS
The chicken genome is comprised of 8 macrochromosomes, 30 microchromosomes, and the sex chromosomes (Yamashina, 1944; Bitgood and Shoffner, 1990 shown in Table 2 , the EL genetic map portrays essentially the same general picture with 589 genetic markers contained within 41 linkage groups, some large and some small. Some markers have been physically mapped by cytogenetics, which has enabled linkage groups to be assigned to chromosomes 1, 2, 3, 4, 5, 16, and Z. The coverage of the map is good with over 2,700 cM contained within the linkage groups; the estimated length of the chicken genome is 2,500 to 3,000 cM (Levin et al., 1994b) . 1 The EL genetic map primarily relies on the Map Manager software package 2 for determining marker order and genetic distance. Map Manager employs twopoint linkage analysis to place a new genetic marker and, typically, this placement by the software is manually checked to minimize the number of double recombinants within a region. MAPMAKER/EXP, 3 which uses both two-point and multi-point linkage analysis, verifies the results produced from Map Manager. Even though a high amount of attention is given to marker order, like other genetic maps, confidence in locus order increases with genetic distance. In other words, the local marker order may not be correct because we are only scoring 52 individuals or meiotic events. This number of individuals is sufficient to detect linkage up to 30 cM in distance but cannot confidently resolve small distances where one or a few recombinants or mistypings can greatly affect the placement of the marker.
It has been a primary objective to map as many microsatellite markers as possible for potential use in genome-wide QTL searches. In a QTL search, evenly spaced genetic markers are genotyped on a resource population that is segregating for the trait(s) of interest. The genetic markers are normally spaced every 20 to 50 cM apart, meaning that ∼ 100 markers will be scored in any QTL search. Based on a limited amount of data, roughly every other microsatellite will be polymorphic between any two unrelated individuals; thus, a high utility chicken genetic map will contain at least 200 microsatellite markers spaced 10 to 20 cM apart. There are 322 microsatellite markers mapped now on the EL genetic map but the markers are not evenly spaced. Consequently, polymorphic markers used to genotype a resource population may be more than 50 cM apart. Indeed, this situation occurred in our efforts to identify QTL for resistance to Marek's Disease (R. L. Vallejo and H. H. Cheng, unpublished data) . Screening the inbred Lines 6 and 7 that are resistant and susceptible to Marek's disease, respectively, 97 of the 157 tested ADL microsatellites markers were polymorphic. Eventually, only 65 of the ADL microsatellite markers were actually useful for genotyping because of marker spacing. With these markers, it was possible to survey about twothirds of the chicken genome but there were several instances in which distances between adjacent markers exceeded 50 cM.
FUTURE DEVELOPMENTS
The EL and C maps will continue to evolve and become more useful. Other laboratories will continue to add more markers because DNA for these reference families have been distributed to numerous groups. To enhance the existing power of the EL and C maps, Crittenden and Bumstead are in the process of generating a consensus genetic map, as many of the genetic markers have been mapped in both reference families. The development of a consensus map will bring together all the mapped markers in both populations, effectively resulting in more markers available for QTL searches. Also, a better estimate of genetic distance between loci will be obtained. Finally, the consensus map has the potential to tie together linkage groups, e.g., E01 and E15 are physically linked based on C6, which contains several markers in both EL linkage groups; physical mapping also supports the joining of E01 and E15.
The ability to identify QTL has been further enhanced with the recent development of a new chicken genetic map. Groenen and coworkers have and are continuing to enhance an extremely powerful microsatellite map based on their 500+ F 2 resource population. With many parents that may be polymorphic and more meioses, the Wageningen microsatellite map has the potential to map more microsatellite markers with higher accuracy than either the EL or C maps. Already, 279 microsatellite markers have been mapped (M. Groenen, Department of Animal Breeding, Wageningen Agricultural University, P. O. 338, 6700 AH Wageningen, The Netherlands, personal communication). As part of a European Community project, the Wageningen map will also be tied into the other existing genetic maps as more markers on the EL or C maps are genotyped on the Wageningen resource family (M. Groenen, personal communication).
Efforts are continuing to add more microsatellite markers to the genetic map. Ultimately, 600+ microsatellite markers should be mapped to provide an adequate amount of coverage needed for the initial QTL searches; however, this density of markers will probably be insufficient for fine mapping. We are pursuing the goal of developing more markers but unlike previous work in which the microsatellite-containing clones were obtained from a genomic library, the latest sequences are derived from libraries developed by either Hideaki Takahashi (National Institute for Agrobiological 0  0  2  6  2  6  3  8  1  2 8  Total  2741  10  43  18  30  44  36  67  322  47  617 Resources, Japan) or Ponce de Leó n (University of Massachusetts). We are most interested in the microsatellites from the chromosome-specific libraries.
Using highly specialized techniques (Ponce de León et al., 1996) , Abel Ponce de Leó n and coworkers have been able to isolate specific chicken chromosomes and generate PCR libraries for chromosomes 1 (Ponce de Leó n and Li, 1993), 2, 3, 4, and Z (Ambady et al., 1995) ; Ponce de Leó n has proposed to develop additional chromosome-specific libraries for the remaining macrochromosomes (5 to 8), Z, W, and a pool of all the remaining microchromosomes (Ponce de Leó n, personal communication). In collaboration with Ponce de León, our group is in the process of sequencing and developing PCR primers to microsatellite-containing clones from various chromosome-specific libraries. The initial results for the chromosome 1 library are very encouraging, as 10 of the 18 microsatellites were polymorphic in the EL reference population and mapped to E01 (chromosome 1). Also promising is the fact that the average number of repeats per microsatellite is 17, which is substantially larger than the average of 13 repeats per microsatellite in our best microsatellite-enriched library . Mapping the chromosome-specific markers will confirm or reveal the location of chromosomes in the genetic map. Use of markers as probes to obtain larger clones for fluorescent in situ hybridization (FISH) will provide a source of materials to help tie together the physical and genetic maps. These markers have the potential to greatly increase the number of physically mapped markers and to orient the linkage groups to the chromosomes; the physical map contains 12 markers on chromosome 1, 5 markers on the Z chromosome, 19 markers on the remaining macrochromosomes, and 19 markers on the microchromosomes (Ponce de León, personal communication).
The development of a comparative map has gained high priority in the poultry genome community. Limited work by Palmer and Jones (1986) and Burt et al. (1995) suggests that synteny exists between mammalian genomes and the chicken genome. The primary motivation for undertaking this project is that positional cloning of genes is extremely laborious and difficult; thus, an alternative strategy to identify candidate genes in the region by comparative mapping was developed. As the human genome project progresses, is has been noted that more of the genes have been identified through the positional candidate gene approach (Collins, 1995) . We believe that chicken geneticists should be able to take advantage of the vast amount of information collected on the human genome and the development of a comparative map between the chicken and human genome is a logical course of action.
To develop the comparative map, a combination of genetic and physical mapping has been proposed to determine the amount of linkage conservation or synteny that exists. For genetic mapping, the strategy for mapping genes via PCR has already been described above. In collaboration with Eugene Smith, Avian Disease and Oncology Laboratory, the genes to be mapped are the anchored reference loci identified by O'Brien et al. (1993) . As part of a large collaboration with Dr. O'Brien, we have obtained 313 sets of PCR primers with each set designed to amplify an intron of one of the comparative anchored tagged sequences (CATS) Lyons et al., submitted) ; Pat Venta, Michigan State University, has also kindly provided us with 100 PCR primers designed to amplify reference loci. For physical mapping, Ponce de Leó n has proposed to use the chromosome-specific chicken libraries as chromosome paints to identify homologous human chromosomal regions on human chromosome spreads.
Although no mention has been made thus far with regards to developing a turkey genetic map, efforts have been initiated by Ed Smith (Tuskegee University) and Vivek Kapur (University of Minnesota) to develop turkey microsatellite markers and a turkey genetic map.
Furthermore, the chicken RFLP markers are transferable and a portion of the microsatellite markers may be as well . Also it is likely that many traits in both poultry species are controlled by the same genes; thus, QTL identified in the chicken may often be useful for turkey breeding.
In conclusion, the chicken genetic map has seen remarkable progress in the last several years. However, much work remains to be done. For QTL searches, additional microsatellite markers need to be mapped, especially in the Wageningen genetic map, to provide the saturation necessary to achieve complete genome coverage. The development of a comparative map waits for substantially more anchor reference loci to be mapped and for the generation of chromosome paints. It is likely that the application of advanced techniques (e.g., molecular cytogenetics) and the development of new ones will accelerate the rate of progress. Based on the short history of the modern chicken genetic map, it is highly likely that a high quality genetic and comparative map will be a reality within the next several years.
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